The 2694 ORFs originally annotated as potential genes in the genome of Aeropyrum pernix can be categorized into three clusters (A, B, C), according to their nucleotide composition at three codon positions. Coding potential was found to be responsible for the phenomenon of three clusters in a 9-dimensional space derived from the nucleotide composition of ORFs: ORFs assigned to cluster A are coding ones, while those assigned to clusters B and C are non-coding ORFs. A "codingness" index called the AZ score is defined based on a clustering method used to recognize protein-coding genes in the A. pernix genome. The criterion for a coding or non-coding ORF is based on the AZ score. ORFs with AZ > 0 or AZ < 0 are coding or non-coding, respectively. Consequently, 620 out of 632 ORFs with putative functions based on the original annotation are contained in cluster A, which have positive AZ scores. In addition, all 29 ORFs encoding putative or conserved proteins newly added in RefSeq annotation also have positive AZ scores. Accordingly, the number of re-recognized protein-coding genes in the A. pernix genome is 1610, which is significantly less than 2694 in the original annotation and also much less than 1841 in the RefSeq annotation curated by NCBI staff. Annotation information of re-recognized genes and their AZ scores are available at: http://tubic.tju.edu.cn/Aper/.
Introduction
Currently, over 100 bacterial and archaeal genome sequences have been published and many microbial genome sequencing projects are currently underway. The growing list of available genome sequences presents a unique possibility to extract a wealth of information on biochemistry, genetics, and evolutionary history of these organisms. Such analysis strongly relies on the quality of the function annotation of proteins encoded in each genome. 1 However in these completely sequenced bacterial and archaeal genomes, some annotated protein-coding genes in fact do not encode any proteins, on the other hand, some real genes may be missed. This case becomes serious in the archaeon Aeropyrum pernix, because in its genome all the ORFs longer than 300 bp were annotated as potential coding regions by the original submitter of GenBank entries. 2 The total number of annotated potential coding ORFs in A. pernix is 2694. Natale et al.
3 conducted a re-annotation for A. pernix using the COG database and brought the total number of protein-coding genes to a maximum of 1871. Bocs et al. analyzed 26 complete prokaryotic genomes including A. pernix using a new program they developed 4 and found that 34.0% (915) of the original annotations had the wrong status. Skovgaard et al. 5 estimated the number of protein-coding genes in 33 completely sequenced bacterial and archaeal genomes according to the matches to SWISS-PROT and the stoptriplet frequency. The number of protein-coding genes in A. pernix estimated by them is about 1400. Moreover, the current RefSeq annotation curated by NCBI staff contains 1841 records for the A. pernix genome. 6 Briefly, serious over-prediction of protein-coding genes in A. pernix was observed by several research groups, but the numbers of protein-coding genes re-recognized by NCBI are very different. Therefore, it is still not known how many protein-coding genes are present in the A. pernix genome.
The increasing use of sequence databases in molecular biology makes it important to consider the accuracy of genome annotation. Inaccurate information deposited in public databases may result in a significant error propagation effect. This will greatly decrease the utility of public databases. Both over-prediction and [Vol. 11, under-prediction may lead to wrong conclusions. The genome of the crenarchaeon A. pernix is of particular interest because this major evolutionary lineage had not been represented among completely sequenced genomes before it was sequenced.
2 As a hyper-thermophilic archaea, A. pernix is an important model organism for evolution research. For the above reasons, determining the real number of protein-coding genes in A. pernix is an important issue.
In this paper, a new method is presented to rerecognize protein-coding genes in the A. pernix genome based on the Z curve method. 7 The number of rerecognized protein-coding genes is 1610, which is significantly less than 2694 in the original annotation and also much less than 1841 in the NCBI RefSeq annotation. The present re-recognition may throw some light on the issue of determining the true number of protein-coding genes in A. pernix, which has confused scientists for some years after sequencing this archaeon.
Materials and Methods

The database
The A. pernix genome DNA sequence and the information of 2694 annotated ORFs were downloaded from DOGAN (Database Of Genomes Analyzed at NITE) database at http://www.bio.nite.go.jp/dogan/Top.
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This annotation is also available in GenBank (accession number: BA000002). Among the 2694 annotated ORFs, 632 are related to genes with known function, 524 show significant similarity to the registered sequences with unknown function, and 202 just containing some motifs. The remaining 1336 ORFs show no significant similarity to the sequences in public databases. These four categories of ORFs are called class 1, class 2, class 3 and class 4, respectively, in this paper. Natale et al.
3 conducted a re-annotation for A. pernix. Consequently, 1871 ORFs were predicted as potential protein-coding genes. This annotation can be downloaded from the ftp site at NCBI: ftp://ftp.ncbi.nih.gov/pub/koonin/Apernix/. The NCBI reference sequence project also modified the original annotation for A. pernix. 6 Consequently, 1841 potential protein-coding genes are included in the current RefSeq annotation (accession number: NC 000854), which can be obtained at: ftp://ftp.ncbi.nih.gov/genomes/Bacteria/. These three annotations are called the NITE annotation (or original annotation), RefSeq annotation, and annotation by Natale et al., respectively. In addition, 1225 of the 1841 potential protein-coding genes contained in the RefSeq annotation are assigned to the COG database. 
The Z curve method
The frequencies of bases A, C, G, and T occurring in an ORF or a fragment of DNA sequence with bases at positions 1, 4, 7, ...; 2, 5, 8, ...; and 3, 6, 9, ..., are denoted by a 1 , c 1 , g 1 , t 1 ; a 2 , c 2 , g 2 , t 2 ; a 3 , c 3 , g 3 , and t 3 , respectively. They are actually the frequencies of bases at the first, second, and third codon positions. On the basis of the Z curve theory, 3 ) are mapped to a point P 1 (P 2 ; P 3 ) in a three-dimensional space V 1 (V 2 ; V 3 ). The coordinates of P 1 , P 2 , and P 3 are denoted by x 1 , y 1 , z 1 ; x 2 , y 2 , z 2 ; x 3 , y 3 , and z 3 , respectively. It was shown that 7 :
Let the nine-dimensional space V=V 1 ⊕V 2 ⊕V 3 , where the symbol ⊕ denotes the direct sum of two subspaces. Let the space V be spanned by u 1 , u 2 ,..., u 9 , which are defined by
Therefore, an ORF or a DNA sequence fragment is represented by a point or a vector in the 9-dimensional (9-D) space V. Consequently, the points representing all ORFs studied display a distribution in the 9-D space. Principal component analysis (PCA) 9 shows that the points are distributed into three clusters. Using the K-means clustering algorithm, 9 the ORFs belonging to each cluster are determined. The present gene-finding method is based on the phenomenon of three clusters in the 9-D space.
Results and Discussion
The phenomenon of three clusters and its
underlying causes For each of the 2694 ORFs in A. pernix, the nine variables u 1 −u 9 were calculated, which correspond to a point in a 9-D space. To visualize the distribution of mapping points in the 9-D space, the mapping points were projected onto a 2-D plane spanned by the first and second principal axes, using the PCA method. 9 The first and second principal axes account for 28.0% and 23.8% of the total inertia of the 9-D space, respectively. No other axes account for more than 12%. Figure 1(a) shows the position of the ORFs on the 2-D principal plane. As can be seen, all the ORFs are separated into three distinct clusters with little overlap, indicating that ORFs in different clusters have different nucleotide compositions. K-means clustering algorithm (k=3) 9 was used to cluster the 2694 ORFs based on the nine variables u 1 − u 9 . Consequently, three clusters with different sizes are obtained. They are called cluster A, cluster B, and cluster C, respectively, in the following sections. The largest (cluster A) and the smallest (cluster C) clusters contain 1581 and 498 ORFs, respectively. The number of ORFs in the remaining cluster (cluster B) is 615. As described above, 2694 ORFs predicted by the original annotator can be categorized into four classes according to their similarity with registered sequences in public databases. 2 The four classes (class 1, class 2, class 3 and class 4) contain ORFs with putative function, with significant similarity, containing some motif, and with no similarity, respectively.
Of the 632 ORFs assigned with putative functions in class 1 in the original annotation, 620 (98.1%) are assigned to cluster A. The remaining 12 ORFs are contained in clusters B and C. Of the 524 ORFs in class 2, 447 (85.3%) are assigned to cluster A. Of the 202 ORFs in class 3, 90 (44.6%) are assigned to cluster A. Of the 1336 ORFs in class 4, 424 (31.7%) are assigned to cluster A. The clustering results are summarized in Table 1 .
It is well known that the variation of codon usage and nucleotide composition of genes within a species is due to the combined effects of mutation, selection, and genetic drift. 10 The principal influence is mutation.
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In most bacteria, there are short chromosome segments of unusual base composition due to the relatively recent import of the region through horizontal transfer.
Genes located in these regions possess distinct codon usage or nucleotide composition from other genes, for example, as in the case of Escherichia coli and Bacillus subtilis. 11 The asymmetrical replication mechanism results in mutation biases between the two replication strands in almost all bacteria.
12 This replication and/or strand-specific mutation biases cause two separate codon usage in Borrelia burgdorferi, 13 Treponema pallidum, 14 and Chlamydia trachomatis. 15 In a single known example, Mycoplasma genitalium, codon usage variation is continuous and associated very strongly with position on the chromosome, perhaps reflecting change in the spectrum of mutations around the genome. 16 The effects of translational selection may be superimposed on biases generated by mutation.
10 Genes expressed at a high level exhibit a marked bias toward a particular subset of codon, for example, as in the case of E. coli. 17 The phenomenon of three clusters, i.e., 2694 A. pernix ORFs are separated into three distinct clusters in the 9-D space spanned by the 9 Z curve variables, shows that ORFs in different clusters have different nucleotide compositions. To reveal the cause of the phenomenon of three clusters, the various effects of mutation or translation mentioned above were investigated case by case. In the database of predicted horizontal gene transfer, 18 270 of 2694 ORFs are predicted as imported by horizontal transfer. Most (230) of the 270 predicted horizontally transferred ORFs are contained in cluster A. If cluster A is indeed related to horizontally transferred events, there will be about 1000 genes imported from other organisms given that cluster A comprises 1581 ORFs. The fraction of imported genes is so large that it is obviously not the real case. Thus, the exchange of genes among organisms is not the cause of the phenomenon of three clusters. Though the position of the replication origin has not been determined in A. pernix, the strand-specific mutation biases are not the force of the separated base composition given that the GC skew along the chromosome is not significant. Furthermore, 50 putative ribosomal proteins included in class 1 are used as a reference set to calculate CAI values. 19 Consequently, all of the 100 ORFs with the highest CAI calculated using codonW are included in cluster A. Because the expected number of highly expressed genes should be much smaller than 1581, the likelihood of translational selection resulting in the phenomenon of three clusters is also very small. Considering the above several cases together, almost all of the predicted horizontally transferred genes, highly expressed genes, and genes with putative functions are included in cluster A and constitute a subset of cluster A. Therefore, it is logical to conclude that the essential reason for the phenomenon of three clusters among ORFs in A. pernix is the coding potential: the ORFs in cluster A code for proteins and the ORFs in clusters B and C are non-coding. (The origin of the two clusters being noncoding ORFs is discussed below.) In fact, no ab initio gene-finding programs such as Glimmer 20 were used to predict potential protein-coding genes during the annotation process of A. pernix genome sequencing project. Instead, a very easy criterion was adopted to choose potential protein-coding genes. All of the ORFs longer than 100 sense codons starting with either ATG or GTG were retained as potential genes 2 regardless of overlap with other ORFs. ORFs shorter than 100 sense codons were retained as potential genes only if the sequences showed significant similarity to either the registered sequences or protein motifs in pubic databases and did not overlap with ORFs longer than 100 codons. Such an annotation method will result in a severe over-prediction of potential protein-coding genes longer than 300 bp although no genes longer than 300 bp are missed in principle. The over-prediction of coding ORFs in A. pernix has been previously observed by several research groups.
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The set of re-recognized protein-coding genes
To quantitatively measure the coding potential of the 2694 ORFs, an index is induced based on the K-means clustering method.
9 Firstly, the coordinates of the centers of the three clusters in 9-D space are calculated, denoted by u iOA , u iOB , u iOC , respectively, where i =1, 2, 3, ..., 9. Afterwards, the Euclidean distance from the objective point to the center of each cluster is obtained, The index measuring coding potential is defined as,
Then an ORF or DNA fragment can be easily determined as coding or non-coding, regardless of its inclusion in the 2694 annotated ORFs. If AZ score is larger than 0, it is a protein-coding gene; otherwise it is not. To make the number of ORFs with AZ scores greater than 0 equal to that of ORFs contained in cluster A, the value of ∆ is set to 0. Then all of the 1581 ORFs in cluster A have AZ scores greater than 0, while for the remaining 615+498 ORFs in clusters B and C, AZ scores less than 0. The present method is based on the finding that the 2694 ORFs originally annotated for the A. pernix genome are gathered into three distinct regions in 9-D space, relying on the PCA analysis for the nine variables u 1 − u 9 . We find that such a phenomenon (separation into three groups) exists only for the genome of A. pernix. Our method presented here is strongly based on this separation phenomenon. Therefore, the present method is only applicable to the A. pernix genome or similar genomes. Since the parameters used to recognize protein-coding genes are highly related to the G+C content of genomes, 21 it is possible that the method presented is also applicable to those bacterial or archaeal genomes whose genomic G+C content is similar to that of the A. pernix. For example, it is suggested that this method can be utilized to annotate the genome of A. camini, 22 which is a member of the newly found genus Aeropyrum. Compared with some gene-finding programs frequently used, such as ZCURVE 1.0, 23 the utilization of the present method is considerably limited. Because the method proposed here is specially designed for the A. pernix genome, whereas ZCURVE 1.0 can be used for any bacterial or archaeal genomes, better prediction results for the A. pernix genome are obtained using the present method than using ZCURVE 1.0 (data not shown here).
Based on the defined AZ score, 1581 ORFs assigned to cluster A are predicted as protein-coding genes because their AZ scores are greater than 0. In addition, 29 ORFs not contained in the original annotation are newly added as genes encoding putative or conserved proteins in the RefSeq annotation. All of the 29 ORFs have AZ scores greater than 0 and they are also predicted as genes. Consequently, a total of 1610 (1581 + 29) ORFs are retained as protein-coding genes. A summary of the list of the 1610 re-recognized protein-coding genes is illustrated in Table 2 . It should be noted that, according to the original annotation, 12 ORFs among 632 ORFs were found to have putative functions but their AZ scores are less than 0 (details of the 12 ORFs are shown in Table 3 ). Six ORFs are not included in the RefSeq annotation and they are found to be embedded within ORFs in cluster A. 6 The remaining 6 ORFs are likely to be falsely negative predictions of the present method.
Compared with eukaryotes, protein-coding genes are compactly distributed along the chromosome both in bacteria and archaea. Moreover, the gene structure is simple due to the absence of introns in bacterial and archaeal genes. Perhaps because of the compactness of chromosome and the simplicity of gene structure, the number of protein-coding genes has been found to exhibit a remarkably good linear correlation with the genome size, among dozens of completely sequenced bacterial or archaeal genomes. 24 Here we re-study the relationship between the gene number and genome size to illustrate the over-prediction of protein-coding genes in the original annotation and the revision in A. pernix genome by the present method. A total of 30 bacterial or archaeal genomes sequenced before the year 2000 are chosen. Gene number as a function of genome size is shown in Fig. 2 . It can be seen that the linear correlation between the gene number and genome size is nearly perfect (R=0.993). The point denoting A. pernix lies above the regression line when using the original annotation, while it falls on the regression line when using the gene number determined in this work.
The origin of the ORFs assigned to clusters B
and C To reveal the origin of ORFs in the two non-coding clusters B and C, their chromosome coordinates were investigated. Consequently, among the 1113 (2694−1581) predicted non-coding ORFs, 649 ORFs were found to be embedded within a predicted single coding ORF. Another 62 non-coding ORFs are embedded within two ad- jacent overlapping coding ORFs. Only 102 non-coding ORFs have less than 60% overlap with coding ORFs. ORFs in cluster B are usually located within the second frame of the antisense (complementary) strands of coding ORFs, while ORFs in cluster C stood within the first frame of antisense strands of coding ORFs. This finding is consistent with the previous observation that the most frequently generated ORFs located in the antisense strands are A3-ORFs (for the definition of A3-ORF, refer to 25 ). A3-ORFs are those that are located within the second frame of the antisense strand of a coding ORF.
The occurrence of ORFs inside antisense strands of protein-coding genes in bacteria or other organisms has been known for a long time. 26 Although some researchers argue that the generation of antisense strand ORFs may be a mechanism of the origin of new functional genes, 25 to our knowledge, only a few of such intra-gene ORFs are found to encode proteins in virus genomes and very rarely in bacteria or archaea. Moreover, the nucleotide composition or codon usage has been reported to be very different among the ORFs occurring within the different frames of protein-coding genes. 27, 28 Our research group has found that ORFs occurring within the first and the second frames of antisense strands of proteincoding genes have the most similar nucleotide composition among the 5 nonsense frames, compared with the nucleotide composition of protein-coding genes. 27 It is not unexpected that most of the falsely annotated ORFs are located in the 1 st and 2 nd frames of antisense strands of coding ORFs in A. pernix.
Analysis of nucleotide composition of ORFs in different clusters
The codon usage and nucleotide distribution of protein-coding genes have been studied for many years. The need to fold a peptide chain into a stable and functional structure imposes constraints on the base frequencies in coding genes. 29 The severe restrictions on the base frequencies at the first two codon positions are universal in protein coding sequences and are independent of species. It was found that purine bases at the first codon position are predominant. 7 In several bacteria and archaea with high genomic G+C content, the purine base G occurs more often than A at this codon position. 21 The bases at the second codon position lack guanine to some degree. 30 To analyze the nucleotide composition of ORFs assigned to cluster A, B, and C more comprehensively, the distribution pattern of 2694 points on x ∼ z plane for the 2694 ORFs in the A. pernix genome is shown in Fig. 1(b) , (c) and (d), respectively. As can be seen from Fig. 1(b) and (c), the distributions of bases at the first two codon positions in the re-recognized genes (i.e. the ORFs in cluster A) meet the previous observations. The distributions of bases at the third codon position in genes are species-dependent. As can be seen from Fig. 1(d) , coding ORFs have more G/C than A/T bases at the third codon positions in A. pernix. Points denoting ORFs in cluster C and those denoting ORFs in cluster A are gathered into the same region in Fig. 1(c) because ORFs in cluster C are embedded within the first frame of antisense strands of protein-coding genes. While points denoting ORFs in cluster B and those denoting ORFs in cluster A are gathered in the same region in Fig. 1(d) because the ORFs in cluster C are embedded within the second frame of antisense strands of protein-coding genes.
Accuracy of the present method
The index S n is used to measure the sensitivity of the present method for predicting protein-coding genes, which is defined as S n = T P/(T P + F N), where TP and FN denote the numbers of coding ORFs that have been correctly predicted as coding and falsely as noncoding. 31 The test set consists of different protein-coding genes in several cases. (a) If the 626 (6 are excluded according to the RefSeq annotation as mentioned above) genes with putative functions included in the original annotation serve as the test set, S n will be 620/626≈99.1%. (b) As mentioned above, 29 genes encoding putative or conserved proteins are newly added in the current RefSeq annotation. Let these 29 genes serve as the test set, S n is 29/29=100%. Because these genes were not included in the 2694 ORFs and were not used to train the parameters to calculate the AZ score, the S n value could be regarded as cross-validation sensitivity. (c) Among the 1841 potential protein-coding genes in RefSeq annotation, 1225 are assigned to COGs. 8 A total of 1219 among these 1225 genes have AZ scores greater than 0 (sensitivity=99.5%). It should be noted that out of the 626 genes with putative functions, 24 have sequence length less than 100 codons, while only 1 gene (APES045) has an AZ score less than 0. Of the 29 newly added genes in the RefSeq annotation, 23 genes are shorter than 100 codons and all 23 are predicted correctly. Therefore, the sensitivity of the present method does not depend on gene length.
According to the tests employed above, the sensitivity of the present method is between 99.1% and 100%. Perhaps some new genes not included in the 2694 originally annotated ORFs will be missed from the set of 1610 rerecognized protein-coding genes. Among the 2694 ORFs, the maximum number of genes missed from the rerecognized gene set is (2694)×(1−0.991)/(0.991)=15, based on the obtained sensitivity. Details of the 15 (or less than 15) missed genes can not be determined by our method. The specificity of the present method could not be measured because no approximate non-coding ORFs with high reliability are available. So it is unclear how many non-coding ORFs are retained in the set of re-recognized protein-coding genes. However, the falsepositive rate should not be high given that the number of ORFs occurring commonly in the RefSeq annotation, the annotation by Natale et al., and the present annotation is 1566 (described in the following section and shown in Fig. 3 ). The number of 1581+15=1596 is very likely to be the upper limit of protein-coding genes included in the 2694 ORFs.
Comparisons with other researchers' re-annotations Natale et al.
3 conducted a re-annotation for A. pernix, and a total of 1871 ORFs were retained as potential protein-coding genes. However, there were still some over-predicted ORFs that overlap with non-COG genes. Natale et al. estimated the correct number of proteincoding genes to be between 1550 and 1700 based on the assumption that the total fraction of confirmed genes should be about the same as for other organisms. Then the number of protein-coding genes re-recognized here is near the center of the estimated range. On the other hand, the current NCBI RefSeq annotation contains 1841 ORFs. 6 The relationship of protein-coding genes predicted by the present method, RefSeq annotation and annotation by Natale et al. is illustrated in Fig. 3 . As can be seen, there are 9 ORFs predicted as protein-coding genes by the present method that are not found in the RefSeq annotation and or in the annotation by Natale et al., although 1561 ORFs occur in all three annotations. On inspection, 3 (APE0467, APE1185 and APE1714) of these 9 ORFs are embedded within predicted coding ORFs with relatively larger AZ scores, and their AZ scores are very close to 0.0. They are very likely to be false-positive predictions by the present method.
Bocs et al. 4 analyzed 26 completely sequenced prokaryotic genomes including A. pernix using a new program developed by them. Consequently, 34.0% (915) of the ORFs in the original annotation were found to have the wrong status, i.e. they are over annotated. Skovgaard et al. 5 estimated the 'true' number of protein-coding genes in 33 completely sequenced bacterial and archaeal genomes using two different methods, fraction of proteins with matches in SWISS-PROT and stop-triplet frequency. The estimated number of protein-coding genes in A. pernix is about 1400. Then the number of proteincoding genes predicted by the present method is within the range spanned by the two research groups' results. However, comparison is not feasible because of the lack of details of the re-recognized genes provided by the two research groups.
The web service
The web site (http://tubic.tju.edu.cn/Aper/) constructed for this work provides the following services: (i) Details of 1610 re-recognized protein-coding genes are listed, including chromosome positions, strands, functions and other related information. The corresponding DNA and translated amino acid sequences are also deposited on the web site: (ii) Coding potential scores (AZ) of all 2694 originally annotated ORFs and 29 ORFs added in the RefSeq annotation are listed, or alternatively, a DNA sequence is pasted and then a score is calculated for it on line; (iii) Search a coding sequence by its gene name or function information; (iv) Researchers are welcome to provide their experimentally determined A. pernix genes, regardless of inclusion in the re-recognized gene set (if already included, the function information may be useful).
